Background: The role of apparent diffusion coefficient (ADC)-based radiomics features in evaluating histopathological grade of cervical cancer is unresolved. Purpose: To determine if there is a difference between radiomics features derived from center-slice 2D versus wholetumor volumetric 3D for ADC measurements in patients with cervical cancer regarding tumor histopathological grade, and systematically assess the impact of the b value on radiomics analysis in ADC quantifications. Study Type: Prospective. Subjects: In all, 160 patients with histopathologically confirmed squamous cell carcinoma of uterine cervix. Field Strength/Sequence: Conventional and diffusion-weighted MR images (b values 5 0, 800, 1000 s/mm
Diffusion-weighted MRI (DWI), which is a functional imaging technique, enables the noninvasive characterization of biological tissues based on the random translational molecular motion of water molecules. 4 It has the advantage of providing both excellent visual definition of tumor due to high signal intensity and quantitative information that is obtained through measurement of the apparent diffusion coefficient (ADC). 5 DWI is widely used in oncology and has shown its potentially beneficial role for the detection and characterization of several tumors. 6 In cervical cancer, the utility of DWI has been investigated in terms of local staging, 7 identifying pathologic features, 8 evaluating treatment response, 9,10 and assessing recurrence. 11 However, there is no apparent consensus yet on the clinical utility of ADC measurement for characterization of tumor in cervical cancer, due to the heterogeneity in the mean ADC values in the literature. Radiomics has been a research hotspot in recent years. By converting medical images into high-dimensional, mineable, and quantitative imaging features via high-throughput extraction of data characterization algorithms, radiomics analysis of a large imaging dataset provides an unprecedented opportunity to improve decision support in oncology at low cost and noninvasively. 12, 13 Radiomics features are quantitative descriptors that reflect textural variations in image intensity, shape, size, or volume to offer information on tumor phenotype, [12] [13] [14] then these derived data can be mined for possible associations with underlying biology and reflect the behavior of malignant tumors. 15, 16 Successful applications of this technique have been performed on oncologic DWI datasets. 15, 17, 18 To date, there have been a few studies [19] [20] [21] [22] [23] [24] [25] assessing the utility of radiomics analysis of ADC in cervical cancer. Although these studies have been performed using a volumetric approach, they used different b values and different methods of region of interest (ROI) positioning; that is, ROI covered all voxels including cystic or necrotic areas within the tumor on all slices, 23, 24 or ROI contained solid components of tumor while avoiding hemorrhagic, necrotic, or cystic regions. 19, 22, 25 Undoubtedly, volumetric tumor ADC delineation could provide a more comprehensive evaluation of underlying spatial heterogeneity; however, it is typically not widely available in routine clinical practice and is still time-consuming. 26 A prior study by Lubner et al suggested that texture results for 2D and 3D analysis were similar. 27 Xue et al 25 used a histogram analysis to evaluate the role of ADC in assessing local aggressiveness of cervical cancer, observing that ADC mean and ADC 5% -ADC 85% of well or moderately differentiated tumor were significantly higher than poorly differentiated tumor, but only focusing on the first-order statistical features that are based on histograms of the original image. Therefore, we conducted this study to evaluate the agreement of radiomics features between 2D
center-slice and 3D volumetric measurements of ADC in cervical cancer in assessment of tumor histopathological grade, and to investigate the influence of b value in ADC quantifications.
Materials and Methods

Patient Cohort
This prospective study was approved by the Institutional Review Board and all patients gave written informed consent before MRI examinations. Between April 2016 and June 2017, a total of 186 women with cervical cancer confirmed by biopsy without contraindication to MR examination were recruited for this prospective study. The inclusion criteria consisted of: 1) women aged over 18 years with biopsy-proven cervical cancer, 2) no previous treatment for cervical cancer before MR examination, 3) being scheduled to receive surgery or CCRT in our hospital. We excluded patients whose primary cervical lesions were not detectable on MRI (n 5 2), whose DW images were highly distorted by susceptibility artifacts from intraluminal air of adjacent rectum (n 5 4), whose tumor contained only one slice (n 5 8), and whose tumor histologic type was not squamous cell carcinoma (n 5 12). Finally, 160 patients with histopathologically proven cervical cancers (mean age, 51 years; age range, 26-84 years) comprised our study population. International Federation of Gynecology and Obstetrics (FIGO) stage of the patients included IB (n 5 52), II (n 5 94), III (n 5 13), and IV (n 5 1). The maximal diameter of the tumors was 34.3 6 13.1 mm (range, 8.9-70.7 mm). Table 1 shows the demographic summary of patients enrolled in this study. 2 mmol/kg of gadolinium at a rate of 2 mL/sec, which was followed by a 30-mL saline bolus injection. ADC maps were automatically generated from isotropic DWI using a GE AW4.6 postprocessing workstation with FuncTool software. T2-weighted images (T 2 WI), providing relatively higher image resolution and better tumor-boundary discrimination for radiologists in contrast with the lower native digital grids of DW sequences and its ADC maps, is the reference image of segmentation to reduce the errors ascribed to fuzzy boundaries. For each patient, the volume of interest (VOI) was created by manually drawing ROI along the margin of the tumor on each slice of sagittal T 2 images that displayed the tumor with reference to the corresponding contrast-enhanced MR images. The masks from T 2 WI were resized using nearest-neighbor interpolation as a consequence of the lower native digital grids of DWI sequence. Then the contours of ROIs were automatically copied to the same location of the corresponding ADC maps in real time. Care was taken to avoid the magnetic susceptibility artifact during DWI.
All manual segmentations of the tumor were performed by a radiologist (Y.L.) who had 10 years of experience with gynecological imaging using ITK-SNAP software (open source software; www.itksnap.org) (Fig. 1) . 28 To verify the interobserver reproducibility of the measurements, 50 patients were randomly selected using computergenerated random numbers from this cohort, and then another radiologist (S.L., 5-year experience in pelvic radiology) independently analyzed these images and repeated tumor segmentation in the same way. Finally, all manual segmentations were validated by a senior radiologist (B.X.), who has 22 years of experience. The central slice that demonstrated the largest part of the tumor was chosen to investigate the feasibility of center-slice analysis; consensus was achieved by group discussion in case of disagreement.
Histopathology
All the patients were pathologically confirmed for squamous cell carcinoma. The resected specimens (76 cases) and biopsy specimens (84 cases) were fixed in 10% formalin solution, sampled and embedded in paraffin, cut into 4 lm slices, and stained with hematoxylin and eosin (H&E). The histopathological analysis was performed by an experienced pathologist (R.C., with 7 years of experience in gynecological pathology) for tumor type and differentiation (grade 1, well-differentiated tumors; grade 2, moderately differentiated tumors; grade 3, poorly differentiated tumors).
Data Analysis and Statistical Analysis
RADIOMICS FEATURES EXTRACTION. An in-house radiomics software based on MatLab 2016a (MathWorks, Natick, MA) was used to extract radiomics features. With the purpose of maximizing the comparability of features, we simplified the feature set from thousands to 208 including histogram-based, textural, and Laplace of Gaussian filtered features. The spatial directions in texture algorithms were limited to two pairs of orthogonal directions (08 and 908, 458 and 1358) lying on the sagittal plane. Thus, the wholetumor textural analysis in the following approaches was conducted by averaging the feature values from all slices, through which a one-to-one correspondence between 3D whole-tumor features and 2D center-slice features was built for further comparative analysis.
The involved features and their definitions were listed in Supporting Appendix A1.
MODELING STRATEGY. Least absolute shrinkage and selection operator (LASSO) regression, an L1 regularization-based generalized linear regression technique, was utilized as the modeling algorithm in subsequent analysis due to its characteristic of feature selection. According to the three-level grading system in histological diagnosis of cervical cancer, which was selected as the classification task in model training, we applied 10-fold crossvalidation with overall misclassification error (MCE) measuring performance to determine the optimal hyperparameter lambda in LASSO. To compare the model performance, concerning the randomness in sample divisions of crossvalidation, those training procedures were repeated 50 times to list each minimum overall MCE of a single crossvalidation iteration.
REPRODUCIBILITY ANALYSIS. The reproducibility was narrated from three perspectives including segmentation reproducibility, feature reproducibility, and model reproducibility with a randomly selected subset of 50 subjects in the study cohort. Initially, the segmentation reproducibility analysis between two delineations was assessed by the Dice coefficient, a widely used index computing the ratio of the intersection area divided by the mean sum of each individual area. 29, 30 A Dice index greater than 0.90 indicated good consistency. The threshold of acceptable consistency was defined at 0.75 (ie, those segmentation results whose Dice indexes were less than 0.75 needed to be discussed to reach consensus and resegmented). Subsequently, to investigate the reproducibility of a feature, the statistical differences between 3D feature values from two delineations of T 2 WI, ADC map of b800 and b1000 were achieved by Wilcoxon signed rank test for paired data with Bonferroni correction of alpha for multiple comparisons. The intraclass correlation coefficients (ICC) and concordance correlation coefficients (CCC) of all features were calculated at the same time to quantify the test-retest reliability between observers. A CCC or ICC value of 0-0.4 indicated poor reliability; a CCC or ICC value of 0.4-0.6, moderate reliability; a CCC or ICC value of 0.6-0.8, fairly strong reliability, and a CCC or ICC value of 0.8-1.0, strong reliability.
To probe further into the reproducibility of models trained from different delineations of tumor, we built the radiomics models respectively on two-time segmentation results following the modeling strategy mentioned above in order to demonstrate if there existed any features that remained consistent to ROI variation. Those features that survived from both LASSO models built on different delineations were passed to the Bland-Altman analysis to identify agreement. Feature values from T 2 WI, ADC map of b800, and b1000 were scaled into zero to one and analyzed together regardless of their sequences in Bland-Altman analysis with 95% limits of agreement and bias calculated to evaluate the agreement.
COMPARATIVE ANALYSIS BETWEEN CENTER-SLICE AND WHOLE-TUMOR ADC FEATURES.
To compare 2D and 3D radiomics features predictive of performance in stratifying the histological grade of cervical cancer, two radiomics models were trained following the modeling strategy above. These comparative analyses were performed on both the ADC map of b800 and the ADC map of b1000 to enhance the comprehensiveness of the conclusion. The statistical difference of model performance was achieved by unpaired two-tailed t-test with Welch's correction for unequal variance. /s at three histopathological grades (G1, G2, and G3). The center slice of gross tumor was delineated in green and red edges representing two segmentations conducted by different observers.
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COMPARATIVE ANALYSIS BETWEEN B800 AND B1000 ADC FEATURES. To explore if different b values in diffusion image acquisition could impact the radiomics model performance, the comparative analysis was performed inheriting the result from the previous step. Which of the two feature sets extracted from centerslice and whole-tumor was passed to this step depended on the statistical difference of 2D and 3D model performance. The statistical difference of model performance was achieved by unpaired twotailed t-test with Welch's correction for unequal variance as well. Notably, the same initial feature sets as those in reproducibility analysis was used in these comparative analyses to minimize the potential that missed any underlying effective predictor for model training. The reproducible assessment of those features incorporated in the final model would be retrospective in the results.
Statistical Tools
All statistical analyses and machine learning algorithms were performed using R software (v. 3.4.2, Vienna, Austria). The R packages used in the current study are shown in Appendix A2. A twosided P-value of < 0.05 was regarded as statistically significant.
Results
Clinical Characteristics of Patients
The clinical characteristics of the patients are summarized in Table 1 . Thirty-nine patients had well-differentiated tumors (G1, low-grade), 78 tumors were moderately differentiated (G2, intermediate-grade), and 43 were poorly differentiated (G3, high-grade).
Reproducibility Analysis
In segmentation reproducibility analysis, 17 of 50 subjects had a Dice index greater than 0.90. All of these segmentations had acceptable consistency (mean 6 SD: 0.88 6 0.04; min: 0.76; max: 0.94) with none of them being reviewed or resegmented.
In feature reproducibility analysis, the statistical significant level alpha was set at 0. Table 2 and Fig. 2a-f , and the ICC and CCC values with 95% confidence interval of these features are also illustrated in Fig. 2g ,h.
Comparative Analysis Between Center-Slice and Whole-Tumor ADC Features Prior to fitting the radiomics model, we utilized the preprocessing pipeline to both 2D and 3D ADC feature sets. First, the Pearson correlation coefficient matrix was calculated to investigate the multicollinearity between features. The feature that had a Pearson coefficient r > 0.9 or r < 20.9 with the other features in the feature set would be considered a collinear feature and removed. Then the KruskalWallis test was performed on the surviving features to screen the capability of a feature discriminating tumor among three distinct histopathological grades, and those which had P > 0.05 would be removed. Considering that the aim of the hypothesis test here was to preliminarily screen the classification efficiency of features, these P value correction approaches were not used in this step to avert an exceedingly conservative policy of feature selection. After applying the previous procedures, there were eight 2D b800 features, 13 3D b800 features, 12 2D b1000 features, and 12 3D b1000 features left as the input variables of four LASSO models. The LASSO models were fitted subsequently following the modeling strategy explained in Materials and Methods. The multinomial LASSO-logistic regression with n-level response variable generated n submodels that represented the regression between a certain level of response variable and the others. In this study, the response variable had three levels (G1, G2, and G3). For instance, G1 vs. G21G3 referred to the model distinguishing well-differentiated (G1) from moderately (G2) and poorly (G3) differentiated tumors. In the ADC features set of b800, the minimum overall misclassification error (MCE) of 2D center-slice analysis was 0.3813 (95% CI 0.3435, 0.4190) with MCE G1 vs. G21G3 5 0.7436, F1 G1 vs. G21G3 5 0.3846, MCE G2 vs. G11G3 5 0.0897, F1 G2 vs. G11G3 5 0.6995, MCE G3 vs. G11G2 5 0.6047, F1 G3 vs. G11G2 5 0.5231; whereas the minimum overall MCE of 3D whole-tumor analysis was 0.35 (95% CI 0.2971, 0.4029) with MCE G1 vs. G21G3 5 0.5897, F1 G1 vs. G21G3 5 0.5517, MCE G2 vs. G11G3 5 0.0897, F1 G2 vs. G11G3 5 0.7208, MCE G3 vs. G11G2 5 0.6046, F1 G3 vs. G11G2 5 0.5231. After repeating the crossvalidation 50 times, there was a significant statistical difference between the performances of 2D center-slice (mean MCE 6 SD: 0.4204 6 0.0149) and 3D whole-tumor (0.3758 6 0.0118) radiomics models (P < 0.0001) ( Table 3) . Whole-tumor analysis had a better performance than using the center-slice of tumor alone.
In the ADC features set of b1000, the minimum overall MCE of 2D center-slice analysis was 0.3813 (95% CI 0.3526, 0.4099) with MCE G1 vs. G21G3 5 0.7436, F1 G1 vs. G21G3 5 0.3922, MCE G2 vs. G11G3 5 0. 0513, F1 G2 vs. G11G3 5 0.7363, MCE G3 vs. G11G2 5 0.5349, F1 G3 vs. G11G2 5 0.5882; whereas the minimum overall MCE of 3D whole-tumor analysis was 0.3312 (95% CI 0.2963, 0.3662) with MCE G1 vs. G21G3 5 0.5385, F1 G1 vs. G21G3 5 0.6000, MCE G2 vs. G11G3 5 0.0769, F1 G2 vs. G11G3 5 0.7500, MCE G3 vs. G11G2 5 0.5349, F1 G3 vs. G11G2 5 0.5882. Consistent with the result in ADC the features set of b800, there was also a significant statistical difference between the performances of 2D center-slice (0.4121 6 0.0165) and 3D whole-tumor (0.3642 6 0.0162) radiomics models (P < 0.0001) ( Table 3) . Supplementary information including confusion matrixes and performance assessment metrics are provided in Appendix A5. Comparative Analysis Between b800 and b1000 ADC Features Inheriting the result of previous analysis, only 3D wholetumor radiomics features served as the feature set in current comparative analysis. As with the pipeline mentioned above, the initial feature set was sent to preprocessing before modeling. There were 13 features of b800 ADC map and 12 features of b1000 ADC map that survived preliminary screening. The statistical difference on performances still revealed significant (P 5 0.0076) between radiomics model of b800 ADC features (0.3758 6 0.0118) and b1000 ADC features (0.3642 6 0.0162). The model of b1000 ADC features appeared to have a slightly lower overall MCE; however, the MCE G3 vs. G11G2 was significantly decreased (from 0.6046 to 0.5349) compared with that of b800 (Fig. 3) . Tracking back to the previous feature reproducibility analysis, these incorporated features of final 3D models all demonstrated strong or fairly strong reliability regardless of their statistical difference between observers in the subcohort. However, standard deviation of E5L5, which revealed susceptibility to the ROI variance on both ADC maps and T 2 images, need to be attended to in further investigation (Appendix A4).
Discussion
Radiomics analysis is easy to retrospectively perform on available imaging data; however, as there was heterogeneity in the MR acquisition parameters across multiple institutions, and even at a single institution, there might be changes in protocols over time. Variations in acquisition and image reconstruction parameters can introduce changes that are not due to underlying biologic effects, ie, the number of acquisitions, repetition time, echo time, and sampling bandwidth in T 2 imaging has been shown to affect texture analysis. 31, 32 To reduce bias and variance, we conducted this study prospectively and extracted all radiomics features from the same MRI unit using the same protocol at our institution. Another especially critical and challenging component of radiomics is tumor segmentation. 33 We investigated segmentation reproducibility and radiomics feature reproducibility in a subcohort. The results showed that all segmentations of those 50 cases had acceptable consistency, indicating that whole tumor volumetric delineation is reproducible, which was consistent with a previous study. 34 Additionally, we found that 95 features were relatively insensitive between different delineations among different MR sequences; however, some of the radiomics features were substantially influenced by tumor delineations, even though the The lower horizontal axis refers to the value of log (k), and the upper one refers to the degree of freedom (ie, the quantity of feature survived at a specific k). The optimal k was drawn in vertical dotted line in terms of the k minimized by the MCE (vertical axis).
segmentation had acceptable consistency. Therefore, efforts should made to their application for clinical use. DW MRI holds promise as an important tool in oncology, and previous studies of cervical cancer have shown that quantitative ADC data correlate highly with histologic findings. 25, [35] [36] [37] Most of these studies were performed at a single slice with a variety of methods for ROI placement. It remains unclear how representative this is of the whole tumor. Likewise, the results are heterogeneous, which may be related to inclusion criteria and the ADC evaluation technique. In our study, we used the VOI encompassing the entire tumor including hemorrhagic, necrotic, and cystic regions to take into account the heterogeneity of the tumor. When comparing the center-slice 2D method which contains the largest available tumor area in a single slice and the whole-tumor volumetric 3D method which covers the entire tumor area of each consecutive tumor-containing slice, 3D whole-tumor radiomics analysis had better performance (ie, lower MCE) than 2D center-slice analysis in both ADC maps of b800 and b1000 regarding tumor histological grade. The most plausible reason for this observation is that a volumetric approach, which incorporates all voxels within the lesion on all slices, could provide a more comprehensive evaluation of the entirety of the lesion, and the underlying spatial heterogeneity as well in the circumstance that digital grids of diffusion images are limited considering the acquisition time in clinical scanning routines. A slice-byslice delineation of tumor boundary is still necessary in succeeding work, which includes quantitative analysis of ADC maps into the study design and may improve clinical evaluation. Additionally, the model of b1000 ADC features appeared to have a slightly lower overall MCE than the model of b800; b1000 is suggested for future study.
In agreement with the results obtained by Xue et al, 25 we found that there were statistical differences of minimum ADC among different tumor differentiation groups: poorly differentiated tumors had the lowest minimum ADC value, and well-differentiated tumors had the highest minimum ADC value; meanwhile, our results also indicated that mean ADC value for three differentiated groups was significantly different, which is contrary to the previous study mentioned above. A possible explanation for this phenomenon was that areas of hemorrhagic, necrotic, or cystic were excluded from the ADC measurements for their study, while the presence of hemorrhagic, necrotic, or cystic are in fact believed to be an indicator of tumor heterogeneity. Our further analysis showed that some radiomics features such as MAD,
LGLRE, Skewness of Med LoG, and E5L5.sd could add more benefit to tumor histological assessment. Elaborating the heterogeneous diffusion parameters from macro statistics into micro textural patterns, mean absolute deviation (MAD, histogram group) renders a general summary of first-order statistical variability of ADC value, with a larger MAD indicating a more dispersed ADC distribution in VOI. In the second-order statistic scale, a textural pattern displayed as continuous low ADC distribution of voxels (LGLRE, GLRL group) in edge-level-like texture (E5L5.sd, LAWS texture group) is observed, yet with potential variance, in our study cohort. Furthermore, this pattern was indirectly corroborated after applying a medium scale Laplace of Gaussian filter to the original VOI in which the negative skewness (ie, left-skewed distribution) of filtered VOI suggests the enormous presence of low ADC voxels (Skewness of Med LoG, LoG filtered features group). In brief, these findings enhance the characterization of lower mean and minimum ADC value in high-grade tumor tissue, which might reflect extracellular space, lymphovascular space invasion, nuclear size, and other histopathological metrics. 38 Those latent correspondences should be investigated in further MRI-pathology case-control studies. Several potential limitations of this study need to be addressed. First, the patients were consecutive, and we studied the data prospectively, but the sample size was relatively small. Second, the studied patients were a selected population; that is, only patients with squamous cell carcinoma of the uterine cervix, and this situation was dictated by the fact that previous studies have shown squamous cell carcinomas demonstrate a lower ADC mean than adenocarcinomas in cervical cancers. 35, 39 Furthermore, crossvalidation was used in this study; care should be taken before generalizing our findings to other institutions and settings. A multiinstitutional study with a large patient cohort would be required to confirm our observations. In conclusion, our preliminary study demonstrated that radiomics analysis could provide high-dimensional and quantitative image features that are insensitive to tumor delineations. Whole tumor radiomics analysis of ADC maps are suggested to provide reliable results and a more comprehensive evaluation of tumor histological grade. Although radiomics analysis of image features will likely never supplant true pathological analysis, they can be a useful adjunct to tumor inherent heterogeneity that may not be appreciated by the naked eye.
